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Abstract 
Rho-type small GTP-binding plant proteins function as two-state molecular switches in 
cellular signalling. There is accumulating evidence that RHO-OF-PLANTS (ROP) signalling 
is positively controlled by plant receptor kinases, through the ROP GUANINE 
NUCLEOTIDE EXCHANGE FACTOR proteins. These signalling modules regulate cell 
polarity, cell shape, hormone responses, and pathogen defence, among other things. Other 
ROP-regulatory proteins might also be subjected to protein phosphorylation by cellular 
kinases (e.g., MITOGEN-ACTIVATED PROTEIN KINASEs  or CALCIUM-DEPENDENT 
PROTEIN KINASEs), in order to integrate various cellular signalling pathways with ROP 
GTPase-dependent processes. In contrast to the role of kinases in upstream ROP regulation, 
much less is known about the potential link between ROP GTPases and downstream kinase 
signalling. In other eukaryotes, Rho-type G-protein-activated kinases are widespread and play 
a key role in many cellular processes. Recent data indicate the existence of structurally 
different ROP-activated kinases in plants, but their ROP-dependent biological functions still 
need to be validated. In addition to these direct interactions, ROPs may also indirectly control 
the activity of MITOGEN-ACTIVATED PROTEIN KINASEs or CALCIUM-DEPENDENT 
PROTEIN KINASEs. These kinases may therefore function as upstream as well as 
downstream kinases in ROP-mediated signalling pathways, as in the case of the 
phosphatidylinositol monophosphate kinases involved in cell polarity establishment.  
 
Highlights 
 Various types of receptor-like kinases positively regulate ROP signalling. 
 The receptor kinase-RopGEF-ROP signalling module is used in a wide variety of 
cellular processes. 
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 ROPs and their regulators are likely to be subjected to regulation by protein 
phosphorylation. 
 ROPs might play a role in directly and indirectly activating downstream kinase 
signalling. 
 
Key words: mitogen-activated protein kinase; protein phosphorylation; ROP GTPase; 
guanine nucleotide exchange factor; ROP-binding kinase; receptor-like kinase 
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1. Introduction 
Rho-type small GTP-binding (or G-) proteins are among the key cellular signalling 
molecules in all eukaryotes (see, e.g., [1]). Their regulatory role is based on their capability to 
bind and hydrolyse GTP, and switch between two states: the active GTP- and the inactive 
GDP-bound conformations (Fig. 1). The GTP-bearing Rho G-proteins perform their 
regulatory function through a conformation-specific interaction with target (effector) proteins 
([1]; Fig. 1). The power of G-proteins to alternate between active and inactive conformations 
allows these proteins to serve as ideal molecular switches for the transmission of discrete 
ON-OFF within the cells (Fig. 1). A number of regulatory steps control small G-
proteins and fine-tune their signalling capacity (see, e.g., [2 4]; Fig. 1). G-protein activation is 
primarily achieved via the GDP-to-GTP exchange facilitated by guanine nucleotide exchange 
factors (GEFs). The inactivation of GTPases is the result of their intrinsic GTP-hydrolysing 
activity, stimulated by GTPase-activating proteins. Guanine nucleotide dissociation inhibitors 
(GDIs) regulate the membrane association and block the spontaneous activation of small 
GTPases. A further important biochemical feature of Rho proteins is their post-translational 
modification by lipids, determining their specific interaction with membrane microdomains.  
Variations in the expression pattern, structure, and post-translational modification of Rho 
proteins influence their subcellular locations as well as their interactions with a number of 
upstream regulator and downstream effector molecules. These spatially and temporally 
regulated signalling relations allow these small GTPases to function as sophisticated 
modulators of a remarkably complex and diverse range of cellular processes. Rho G-proteins 
are primarily considered to play roles in the regulation of cytoskeletal functions, gene 
transcription, and the activity of plasma membrane NADPH oxidase [1 3]. 
Plants have a sole subfamily of Rho-type GTPases, called ROPs (Rho of plants), the 
members of which are structurally distinct from the proteins in the Rho, Rac, and Cdc42 
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subfamilies of other eukaryotes [2, 3] (Table 1). The Rop subfamily is represented by 14 
proteins in Arabidopsis and by seven in rice [5]. Some of the molecular mechanisms allowing 
ROPs to receive and transmit signals are conserved among yeasts, animals, and plants, 
whereas others are specific [3] (Table 1). 
For example, the receptor tyrosine kinases and G-protein-coupled receptors that are 
upstream regulators of Rho-type GTPases in animals are most likely missing from plants [6, 
7]. However, plants do have a large number of receptor-like serine/threonine kinases [6]. The 
receptor-dependent activation of animal Rho-type G-proteins is mediated by guanine 
nucleotide exchange factors (GEFs), which are structurally unrelated in plants (Table 1). 
GEFs of non-plant Rho GTPases typically contain Dbl homology or DOCK180 catalytic 
domains, while most known RopGEFs have a specific plant ROP nucleotide exchanger 
(PRONE) domain with the same biochemical function [2]. The exception is a single 
DOCK180 domain-containing RopGEF, the SPIKE1 protein, described in Arabidopsis [8]. 
There is accumulating experimental evidence suggesting that receptor kinases regulate Rho 
GTPase signalling through GEFs in plants [9] as well as in animals [10], despite the fact that 
the participating proteins are distinct (Table 1).  
It is not only the upstream ROP regulators that have specific features. ROPs share only a 
few downstream effectors with other eukaryotes (Table 1), such as the plasma membrane 
NADPH oxidase and certain actin nucleation complexes [3]. ROPs have several plant-specific 
effectors, including enzymes that play a role in cell wall synthesis, and plant-specific small 
scaffold proteins [2 4]. One of the most characteristic effector families of animal Rho-type 
GTPases the Cdc42/Rac interactive binding motif-containing (CRIB-containing) kinases 
(e.g., Ste20 and related kinases in yeast, p21-activated kinases in animals; [11]) is missing 
from plants (Table 1), and our present knowledge on the link between ROPs and downstream 
kinase signalling is limited.  
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The aim of this review is to give an overview of the existing information about the 
insertion of ROP GTPases into upstream as well as downstream kinase signalling pathways in 
plants. 
2. Kinases regulating ROP GTPase signalling  
Signal perception through cell surface receptors is an important feature of all living 
organisms. The nature and abundance of various receptor configurations are highly divergent 
among the various taxa. A huge family of receptor serine/threonine kinases (usually referred 
to as receptor-like kinases), for example, characterizes land plants. The overall structure of 
these plant kinases (extracellular, transmembrane and cellular kinase domains) is very similar 
to that of the animal receptor tyrosine kinases, yet plant and animal receptor kinases have an 
independent evolutionary origin [6]. The abundance of plant receptor-like kinases is 
combined with the structural diversity underlying their functional divergence: they are 
involved in a variety of developmental, environmental and hormonal signalling pathways 
[12]. Due to the importance of this receptor family in plants, there have been considerable 
efforts to characterize its members, involving the identification of their ligands and 
downstream targets. Lately, these investigations have demonstrated that several plant 
receptor-like kinases affect the signalling activity of ROP G-proteins ([9]; see Sections 2.1
2.7). 
In animal cells, receptor tyrosine kinase signalling to Rho proteins is a general signal 
transduction mechanism: more than half of the 58 known human receptor tyrosine kinases are 
implicated in Rho activation [10]. Receptor tyrosine kinases activate the Rho proteins 
indirectly, through the activation of RhoGEFs that facilitate the GDP-to-GTP exchange of 
Rho G-proteins [10]. Multiple receptor tyrosine kinases may activate the same RhoGEF-Rho 
signalling pathway, and the same receptor tyrosine kinase can activate multiple 
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RhoGEFs/Rho proteins. Therefore, a complex combinatorial network of receptor tyrosine 
kinases, RhoGEFs and Rho proteins contributes to the specificity of the responses evoked by 
diverse signals in various tissue and cell types, each expressing a special subset of these 
proteins [10]. As discussed below in detail, recent findings indicate that similar signalling 
mechanisms have evolved in plants independently, since although plant receptor kinases, 
RopGEFs and ROPs are structurally different proteins from their functionally equivalent 
metazoan counterparts, they are also members of similar signalling modules. These presently 
recognized plant modules are summarized in Table 2, and are discussed in detail in Sections 
2.1 2.7. 
2.1 The CLAVATA1 receptor kinase complex 
The first indication that ROP G-proteins and receptor-like kinases are interlinked came 
from the characterization of the Arabidopsis CLAVATA1 receptor-like kinase complex [13]. 
CLAVATA1  is a receptor kinase that regulates the size of the stem cell population in the 
Arabidopsis shoot meristem. CLAVATA1 is a member of two receptor complexes: one is 185 
kD, the other is 450 kD [13]. Only the 450 kD complex, which was hypothesized to include 
the active receptor, contains a ROP G-protein as determined by co-immunoprecipitation 
experiments using CLAVATA1 and ROP antibodies. Due to the conserved structure of plant 
ROPs, the used antibody could not reveal which specific ROP GTPase was present in the 
complex. It was proposed that the active CLAVATA1 receptor signals, via the ROP protein, 
towards a MITOGEN-ACTIVATED PROTEIN KINASE (MAPK) cascade that controls 
WUSCHEL (a master regulator of stem-cell fate in the shoot meristem) expression [34]. 
However, our knowledge about the potential link between ROPs and MAPKs is very limited 
(see Section 3.3). Whether CLAVATA1 interacts directly with the ROP G-protein in this 
complex or through another protein was not ascertained. The known components of the 450 
kD complex the disulphide-linked CLAVATA1 multimer, the kinase-associated protein 
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phosphatase, and ROP account for only 275 kD; therefore, there is room for several other 
unidentified components. RopGEFs were not yet known of at the time of the isolation of these 
protein complexes, and the direct regulation of ROPs via CLAVATA1-mediated 
phosphorylation was hypothesized [13]. However, based on the accumulating experimental 
evidence summarized below, it can be supposed that CLAVATA1 activates the ROP G-
protein indirectly, through a RopGEF. 
During the 16 years that have elapsed since the publication of the CLAVATA1-ROP 
interaction [13], neither the association of a specific RopGEF with the CLAVATA1 complex 
nor the role of the ROP pathway in shoot meristem signalling have been clarified [34]. Based 
on microarray data, ropgef2 has a strong expression in the shoot apex [35]. Therefore, it is a 
good candidate to associate with CLAVATA1-related receptor complexes, which could be 
verified using specific antibodies. The identification of rop or ropgef mutants with clavata1 
mutant-like phenotypes (enlarged shoot and flower meristems, additional lateral organs, 
and/or disrupted organ placements) could provide genetic evidence for the role of the 
potential CLAVATA1-RopGEF-ROP complex in shoot meristem maintenance. Null 
mutations of these genes might cause embryo lethality, similarly to the ropgef7 mutation that 
affects the root meristem development negatively and results in non-viable embryos [25]. The 
silencing of rop and/or ropgef genes would be an alternative approach that could result in 
viable transgenic plants with decreased RNA levels, allowing the investigation of 
postembryonic phenotypes [25]. 
2.2 POLLEN RECEPTOR KINASEs 
The functional link between receptor kinases and ROP GTPases was first demonstrated in 
tomato plants during pollen tube growth. The tomato LeROP was present in a high molecular 
weight (approx. 400 kD) pollen protein complex, which also included the POLLEN 
RECEPTOR KINASEs (PRKs) [36]. These kinases are localized in the plasma membrane of 
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pollen tubes, and they regulate pollen germination and tube growth [37]. The cytoplasmic 
domains of tomato PRKs LePRK1 and LePRK2 were used as bait in yeast two-hybrid 
screening, to help identify downstream targets from a tomato pollen cDNA library [16]. A 
pollen-specific protein with an unknown function, named KINASE PARTNER PROTEIN , 
was identified as interacting with both kinase domains. The tomato KINASE PARTNER 
PROTEIN is equipped with the ROP nucleotide exchanger or PRONE domain, and belongs to 
the family of RopGEF proteins [38, 39]. Interaction between Arabidopsis PRKs and several 
RopGEFs was also demonstrated [14, 15]. Considering the fact that RopGEFs are upstream 
positive regulators of ROPs (Fig. 1), the existence of PRK-RopGEF-ROP signal transduction 
pathways was hypothesized [38]. This hypothesis is now widely accepted, due to the 
accumulating experimental data discussed below (see also [9]). 
Obviously, the potential for the phosphorylation of RopGEFs by PRKs was also 
investigated. The tomato KINASE PARTNER PROTEIN contains more than 25 predicted 
phosphorylation sites, and the two-dimensional electrophoresis of control and phosphatase-
treated KINASE PARTNER PROTEIN indicated that at least one phosphorylated form of this 
protein exists in pollen [16]. Pollen-expressed RopGEFs of Arabidopsis have variable C-
terminal sequences, which were implicated in the auto-inhibition of the biochemical activity 
of proteins dependent on their phosphorylation status [14, 15, 39]. The expression of 
truncated AtRopGEF12 missing the whole C-terminal part, but not the full-length version, 
disturbed pollen tube growth in a way reminiscent of ectopic RopGEF activity [14]. The C-
terminal S510D phosphomimetic mutant of AtRopGEF12 resulted in similar phenotypes to 
those of the C-terminally truncated protein, when expressed in pollen tubes [14]. Furthermore, 
the S460A or S480A mutations, preventing the phosphorylation of the RopGEF1 protein at 
these C-terminal residues, abolished the in vivo functions of the protein: the mutant proteins 
failed to induce depolarization of pollen tube growth or even inhibit tube elongation [15].  
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Despite the fact that in vivo data about the phosphorylation of AtRopGEF12 as well as 
AtRopGEF1 are still missing, the phenotypes of the mutants mimicking or altering the 
potential phosphorylation sites of these proteins provide good support to the hypothesis that 
the function of pollen-expressed RopGEFs is controlled by protein kinases. Since PRKs 
interact with both AtRopGEF12 and AtRopGEF1 in vitro and in planta, they are good 
candidates for being responsible for this control. Several in planta functional studies support 
this hypothesis. The co-expression of AtRopGEF12 and the Arabidopsis PRK2a in pollen 
tubes resulted in isotropic growth (growth in all directions) instead of polar growth, 
reminiscent of the consequences of constitutively active ROP overexpression [14]. The same 
phenotype could not be observed, however, if the catalytically inactive mutant form of the 
kinase was co-expressed with the GEF protein. Therefore, this experiment supports the view 
that PRK2a-mediated GEF activation requires a phosphorylation step.  
Further experiments have strengthened this interpretation: the expression of a dominant 
negative PRK inhibited the germination of Arabidopsis pollen, which could be rescued by 
overexpressing a constitutively active form of AtRopGEF1 [15]. Furthermore, AtROP1 
activity at the pollen tip plasma membrane was positively regulated by the overexpression of 
the wild type, and negatively by that of the dominant negative mutant PRK [15]. These data 
are consistent with the existence of a PRK-RopGEF-ROP signalling module, regulating polar 
pollen tube growth in response to extracellular stimuli. However, the details of the functional 
PRK-RopGEF interaction need to be revealed by further experimentation.  
Future experiments should include the identification of potential phosphorylation sites 
(e.g., via in vitro kinase assays, coupled with phosphopeptide identification) as well as 
biochemical and in planta studies revealing the functional consequences of RopGEF 
phosphorylation at the given residue(s). Furthermore, considering the large number of 
potential phosphorylation sites of RopGEFs, the involvement of kinases other than PRKs can 
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be hypothesized in the control of RopGEF activity (see, e.g., Section 2.8). Phospho-specific 
RopGEF antibodies could help to highlight the spatial and temporal aspects of the kinase-
mediated regulation of RopGEFs in vivo. The first steps made in this direction are discussed 
below. 
There is in vitro experimental evidence for PRK-mediated phosphorylation of 
AtRopGEF1, but the phosphorylation site is as yet undetermined [15]. A similar approach 
with AtRopGEF12 was unsuccessful [14], raising the possibility that the various RopGEFs 
are regulated in a number of different ways that may even include various kinases (see 
Section 2.8 for more details). This view is supported by the fact that the potential C-terminal 
phosphorylation sites of AtRopGEF1 and AtRopGEF12 are evolutionarily not conserved 
([15], see also Fig. 2). These RopGEF proteins belong to different groups (Fig. 2) and differ 
from each other in several aspects. While the full-length AtRopGEF1 protein is not active in 
vitro, due to auto-inhibition by its own C-terminal region [15], this is not the case with the 
tomato KINASE PARTNER PROTEIN and AtRopGEF9 (which are both closely related to 
AtRopGEF12) [40]. The C-terminal regions of these two proteins exert auto-inhibitory 
activity only in vivo, not in vitro [40]. The C-terminal regions of AtRopGEF12-related 
proteins might be subjected to post-translational modification(s) in planta, for the efficient 
auto-inhibition of enzymatic activity. This requires the action of as-yet-unknown cellular 
factors. If these factors are also protein kinases, then the activity of AtRopGEF12-type 
proteins might be regulated positively (at the S510 residue; see earlier in this section), as well 
as negatively (at an as-yet-unknown site), by C-terminal phosphorylation.  
The N-terminal regions of AtRopGEF1 and AtRopGEF12 might also serve different 
functions: the N-terminus of AtRopGEF1 contributes to the auto-inhibition of GEF activity, 
while that of AtRopGEF12 contributes to its enhancement [14, 15]. The green fluorescent 
protein conjugated to RopGEF1 was localized at the pollen tube apex, while the other pollen-
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expressed RopGEFs were located in a more restricted area around the apical dome [39]. It is 
reasonable to suppose that the numerous pollen-specific RopGEFs govern specific but 
overlapping pathways. This is supported by the fact that only the ropgef1,9,12,14 quadruple 
mutant has defective pollen tube growth [15]. How the various RopGEFs contribute to the 
regulation of the spatio-temporal events governed by the various PRK receptor complexes is 
an interesting question still waiting to be answered (for more details, see [23]). Given the 
possession of specific antibodies, the in vivo interaction of given PRKs and RopGEFs could 
assays [41] at various phases of pollen tube 
growth, and in response to the various ligands bound to the receptors [23].  
ROPs are locally activated at the pollen tube apex, where they regulate exocytosis [42]. In 
addition to the membrane and wall materials required for tip growth, exocytic vesicles also 
deliver upstream ROP activators, PRKs and RopGEFs to the apical plasma membrane [37, 
42]. This way, ROP-focused exocytosis participates in a positive feedback loop, establishing 
and regenerating the active ROP protein pool at the pollen tube tip, required for the oscillatory 
growth of pollen tubes [42].  
In addition to the indirect link between receptor-like kinases and ROPs through RopGEFs, 
the direct interaction of GTP-bound active tomato LeROP with a tomato PRK has been 
demonstrated [40]. Based on this ROP-conformation-specific interaction, which is a 
characteristic of ROP-effector kinases (e.g., [43 46]), the possibility was raised that the 
activity of PRKs might depend on an interaction with active GTP-bound ROPs [40]. Based on 
the strong interaction between AtRopGEF1 and AtROP1-GTP [15], an alternative hypothesis 
has also been developed. According to this theory, the active ROP G-protein might enhance 
the interaction between the PRK and the RopGEF, ensuring a positive feedback regulation 
[15]. In vitro kinase assays, using the kinase domain of the receptor kinases in the presence 
and absence of ROP-GTP, could help to decide which hypothesis is correct. 
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The large number of pollen-expressed receptor-like kinases, RopGEFs and ROPs is in 
agreement with the fact that the pollen tube is capable of receiving and responding to various 
extracellular signalling cues [47]. Ligand-dependent, PRK-mediated phosphorylation and/or 
localization of specific RopGEFs may be the key step(s) in the spatial and temporal 
coordination of ROP-centred signalling pathways.  
2.3 FERONIA-type protein kinases 
FERONIA was identified as a RopGEF-interacting receptor kinase in an attempt to 
identify upstream regulators of ROP GTPase signalling in Arabidopsis [18]. A feronia mutant 
was found to have severe root hair growth defects among other phenotypes [18]. ROP activity 
is also required for polar root hair growth [48]. Therefore, it was hypothesized that FERONIA 
may activate ROP GTPase(s) through RopGEFs during this process. Several pieces of 
experimental evidence support this hypothesis: i) the feronia phenotype correlated with 
reduced levels of active ROPs; ii) the upregulation of ROP signalling counteracted the effects 
of feronia mutation; and iii) haemagglutinin epitope-tagged FERONIA and maltose-binding 
protein-tagged ROP2 (preferably the GDP-bound inactive form) interacted with each other in 
plant cells, as indicated by the co-immunoprecipitation of both proteins using either of the two 
antibodies which recognise the epitope tags [18]. FERONIA -dependent ROP activity could 
also be correlated with NADPH-oxidase-catalysed accumulation in roots and root hairs [18]. 
The role of ROPs in the spatiotemporal regulation of NADPH-oxidase-mediated reactive 
oxygen species (ROS) production has been shown previously [48]. Reactive oxygen species 
regulate hyperpolarization-activated Ca2+ channels [49] and thus contribute to the 
maintenance of a tip-focused [Ca2+] gradient, which is fundamental for apical growth [50]. 
Therefore a full ROP-dependent signalling pathway, from a receptor (FERONIA) to an 
effector (NADPH oxidase), can be envisioned.  
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FERONIA is a receptor of the non-glycosylated RAPID ALKALINIZATION FACTOR 
(RALF) 1 peptide [51]. The RALF1 peptide, similarly to FERONIA, is implicated in the 
regulation of plant growth. RALF1 binding results in FERONIA activation, and subsequently, 
in the phosphorylation-mediated inhibition of the plasma membrane H+-ADENOSINE 
TRIPHOSPHATASE 2, involved in proton transport [51]. Inhibition of proton transport 
results in the alkalinization of the apoplast and prevents cell elongation. The tip growth of 
root hairs is characterized by the oscillations of the apolastic pH right at the apex of the 
elongating hairs, which are likely to regulate cell wall extensibility and thereby cell expansion 
[52]. In tobacco, the silencing of a RALF-coding gene slowed apoplastic pH oscillations and 
increased the pH at the tips of root hairs, inhibiting their elongation [53]. Whether RALF1 or 
similar peptides are involved in the FERONIA-mediated activation of ROP G-protein 
signalling at the root hair tip is unknown at present. One can speculate that RALF1 regulates 
tip growth, controlling apoplastic pH oscillations in parallel with the ROP-mediated 
establishment of [Ca2+] gradient at the root hair apex. In tobacco, the prevented accumulation 
of a RALF peptide decreased the accumulation of reactive oxygen species in the root hair 
initiation zone, indicating the possible involvement of RALF-type peptides in reactive oxygen 
species generation [53]. Whether this regulation involves ROP G-protein-mediated NADPH-
oxidase activation could be decided by investigating this response in mutants defective in 
RopGEF function. However, we cannot exclude the idea that FERONIA might be activated in 
a coordinated manner by several different ligands during the regulation of root hair initiation 
and elongation. In addition to root hair growth, the FERONIA receptor is involved in a variety 
of developmental processes and was hypothesized to have several different ligands associated 
with its various functions [54]. 
Which of the several AtROPs and AtRopGEFs could play specific roles in FERONIA-
mediated signalling during root hair growth in Arabidopsis? Loss- and gain-of-function 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
analyses have indicated that AtRopGEF4 and AtRopGEF10 are the RopGEFs involved in the 
root hair growth pathway [17]. While AtRopGEF4 is important for root hair elongation, 
AtRopGEF10 mainly contributes to hair initiation [17]. Consistently, the gef4gef10 double 
mutation led to roots with shorter and less dense root hairs. This correlated with strongly 
decreased active ROP levels, as well as lower reactive oxygen species levels, in the mutant 
roots. AtROP2 and AtROP6, which promote root hair growth, interacted with both 
AtRopGEF4 and AtRopGEF10; however, AtROP7, which inhibits root hair growth, did not 
interact with either of these [17]. The significant (yet not total) absence of both GEF4 and 
GEF10 prevented the FERONIA overexpression-mediated production of reactive oxygen 
species. Interestingly, while the feronia-4 mutation prevented the increased initiation and 
growth of root hairs in response to exogenous auxin or reduced phosphate levels, the gef4 and 
gef10 single and double mutants reacted as the wild type [17]. Therefore, it was hypothesized 
that, although FERONIA is required for both the developmental and the environmental 
regulation of root hair growth, these latter pathways are RopGEF4- and RopGEF10-
independent [17]. This view has been supported by two observations. On the one hand, the 
FERONIA overexpression-mediated increase in the level of reactive oxygen species was not 
completely abolished in the gef4gef10 double mutant background; on the other hand, the 
gef4gef10 mutant had a milder phenotype than the feronia-4 mutant [17]. These results imply 
that AtRopGEF(s) other than AtRopGEF4 or AtRopGEF10 are involved in the FERONIA-
dependent auxin response pathway. Therefore, it is plausible to suppose that various 
developmental and environmental signals converge in different FERONIA-containing 
receptor complexes that have distinct RopGEFs and/or ROPs. 
This view has recently been strengthened by a study connecting FERONIA to abscisic 
acid signalling [21]. Based on protein-protein interaction and genetic studies, an Arabidopsis 
FERONIA signalling pathway including the AtRopGEFs GEF1, GEF4 and GEF10, and the 
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ROP GTPase AtROP11 was established [19 21, 55]. Mutations disrupting any member(s) 
of this pathway, including feronia, gef1gef4gef10 and rop11, resulted in hypersensitivity to 
abscisic acid, indicating the role of the FERONIA pathway in the suppression of abscisic acid 
signalling. Abscisic acid-induced ROS accumulation strongly increased in the auxin response-
defective [18] feronia-4 mutant [21]. Therefore, FERONIA pathways seem to be involved in 
both abscisic acid- and auxin-induced NADPH oxidase-mediated ROS production, providing 
the possibility for a crosstalk between these two frequently antagonistic plant hormones. The 
expression of fer itself is oppositely regulated by auxin and abscisic acid, as auxin upregulates 
while abscisic acid downregulates fer transcription [21]. These hormones both control the 
transcription of the Arabidopsis rop9 GTPase; however, AtROP9 negatively regulates the 
auxin and positively regulates the abscisic acid responses [56]. Whether AtROP9 signalling 
opposes the FERONIA-RopGEF1,4,10-ROP11 signalling pathway is a question yet to be 
answered [56]. Revealing the upstream regulation of AtROP9 possibly including receptor-
like kinases and RopGEFs and the phenotype caused by the overexpression of the 
constitutively active AtROP9 GTPase, could provide important further insights into the auxin-
abscisic acid crosstalk. 
The first identified role of FERONIA was in fertilization. Its loss-of-function resulted in 
pollen tube overgrowth within the embryo sac [57]. Pollen tubes are normally attracted by 
feronia mutant female gametophytes, but pollen tubes reaching the synergid do not rupture 
and therefore cannot release sperm, meaning that fertilization fails. The accumulation of ROS 
required for pollen tube rupture is dependent on FERONIA [22]. Inhibiting ROS production 
in the gametophyte has the same phenotypic effect as the feronia mutation on pollen tube 
growth. A high exogenous ROS level probably weakens the pollen tube wall, promoting tube 
rupture. It has been suggested that FERONIA regulates female gametophytic ROS production 
through a similar pathway that operates during root hair growth, and involves RopGEFs, 
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ROPs and the plasma membrane NADPH oxidase [22, 58]. One possible way in which 
FERONIA could regulate downstream signalling is through the direct phosphorylation of 
RopGEFs. However, even though the kinase domain of FERONIA is necessary for pollen 
tube reception, kinase activity is not [59]. Consequently, FERONIA is hypothesized to serve 
as a co-receptor, recruiting other factors: potentially other kinases mediating the extracellular 
signals towards cellular targets [59]. 
The ROS-induced pollen rupture is Ca2+-dependent. This may explain why the pollen tube 
disintegrates after entering the synergid [22]. The Ca2+ level in the synergid cytoplasm is 
rather high and increases with the pollen tube  arrival. This increase could be evoked by 
FERONIA via ROPs and/or ROS, since both regulate Ca2+ channels. The tip-located 
NADPH-dependent ROS production required for pollen tube growth also increased in 
response to exogenous Ca2+ [60]. Based on these observations, it was hypothesized that the 
already ROS-challenged pollen tube responds to the high intracellular synergid Ca2+ level 
with further ROS production, leading to a ROS-induced Ca2+ channel opening and a sudden 
water influx that finally results in the pollen tube bursting [22]. 
This model is in agreement with the fact that pollen tubes survive the high ROS 
environment at the filiform apparatus, but burst instantaneously within the synergid, due to 
the presence of Ca2+. The pollen tube also has its own control on the process, via the 
FERONIA-related ANXUR receptor-like kinases. While FERONIA is widely expressed in 
the plant, except in the pollen, its closest homologues ANXUR1 and 2 are pollen-specific 
[27]. The complementary expression patterns of FERONIA and ANXUR1/2 fit well with their 
contrasting roles in regulating pollen tube rupture and integrity, respectively. The disruption 
of ANXUR1 and ANXUR2 in double mutants triggers precocious pollen tube ruptures in the 
pistil, and therefore the sperm cells never reach the ovule [26]. ANXUR1 and 2 are the 
regulators of pollen-expressed NADPH oxidases that generate superoxide radicals at the tip, 
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which are converted into H2O2. H2O2 accumulation affects the Ca
2+ channels and thus 
contributes to the maintenance of the tip-focused Ca2+ gradient during pollen tube growth 
[26].  
ANXUR1 and 2 positively regulate exocytosis and the secretion of cell wall material [26]. 
It is hypothesized that ANXUR1 and 2 maintain pollen tube cell wall integrity until the tube 
reaches the synergid, where their function is disengaged, promoting FERONIA-dependent 
and exogenous ROS- and Ca2+-mediated rupture. It has also been hypothesized that 
FERONIA (on the synergid) and ANXUR1/2 (on the pollen tube surface) may compete for 
the same ligand that coordinates activation/inactivation [58]. The anxur1 anxur2 double 
mutant pollen tube loses polarity and bursts, in a similar way to the feronia loss-of-function 
mutant root hair [18, 26]. Given the similarities between ANXUR1/2 and FERONIA in the 
maintenance of cell wall integrity and tip growth, via NADPH oxidase-dependent ROS 
production, similar signalling pathways for these receptor kinases can be envisaged [58]. 
However, the link between ANXUR1/2, and RopGEFs and ROPs, still awaits experimental 
confirmation. 
If the tomato PRK2 expression is suppressed in pollen tubes, the Ca2+-induced apical ROS 
production is compromised [61], suggesting that the ANXUR1/2- and PRK-regulated 
pathways are interrelated [27].  
FERONIA is a widely expressed, multifunctional protein involved in many aspects of 
plant development. In addition to root hair and pollen tube growth, FERONIA is involved in 
brassinosteroid signalling, hypocotyl elongation, and powdery mildew infection, among other 
functions (for a review, see [62]). Although details of these FERONIA-mediated signalling 
pathways have not yet been elucidated, one can suppose that the RopGEF-ROP-NADPH 
oxidase signalling module that controls H2O2 and Ca
2+ levels is involved in most, if not all, 
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FERONIA-dependent pathways. Arabidopsis FERONIA controls seed size by inhibiting 
integument cell elongation in a RopGEF-dependent way that further supports this view [23].  
Mutations in the genes of several other FERONIA-type receptor kinases e.g., 
THESEUS, HERKULES and ERULUS also interfere with cell elongation, cell wall 
integrity, and ROS-related functions [54, 63]. These kinases may also serve as upstream 
regulators of ROP GTPase signalling. While the kinase domains of three members of the 
family (FERONIA, ANXUR1 and HERKULES1) were interchangeable in an in planta 
functional assay, their extracellular domains were not [59]. Therefore, these receptor kinases 
may transduce various external signals towards the same or similar targets. There are only 
unpublished data to support the interaction of FERONIA-related kinases other than 
FERONIA with RopGEF proteins (cited in [63]). Only extensive future research can reveal 
the spatio-temporal interaction patterns of the various FERONIA-type receptors, their ligands, 
RopGEFs, ROPs, and NADPH-oxidase proteins in the development and environmental 
responses of plants. The engineering of constitutively active RopGEF versions (e.g., by 
removing the C-terminal auto-inhibitory domain; see Section 2.2) could be used for the 
complementation of receptor mutants, to support their functional interaction in planta. 
Potential receptor kinase-RopGEF pairs could be hypothesized based on the similarities 
between mutant phenotypes, coupled with co-expression analysis and traditional protein-
protein interaction assays. However, these approaches might prove difficult, due to the similar 
structures and overlapping functions of the members of these protein families. 
2.4 The TRANSMEMBRANE KINASE receptor kinases 
ROP GTPases play a central role in leaf epidermal tissue patterning, spatially coordinating 
the expansion of neighbouring pavement cells resulting in a jigsaw-puzzle-like appearance of 
the epidermis [64]. Auxin also promotes the formation of interdigitated epidermal cell 
patterning in a spatio-temporally regulated manner [65]. It was hypothesized that auxin-
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activated ROPs regulate cytoskeletal organization and endocytosis, as well as the recycling of 
the auxin efflux carrier PIN-FORMED  proteins [65]. Auxin could therefore serve as a self-
organizing signal, causing the polarization of the PIN-FORMED proteins that are required for 
polar auxin transport. The established auxin gradients finally determine the characteristic 
planar polarity of the epidermal cells. Certain Arabidopsis ROPs, (ROP2/4 and ROP6) have 
been implicated in the process [65]. The interdigitation of pavement cells is compromised in 
rop2-RNAi rop4-1, as well as in auxin synthesis mutants. Auxin application could not rescue 
this defect of the rop2-RNAi rop4-1 mutant, indicating the role of ROP2/4 in auxin sensing 
[65]. There is not yet any consensus on how the auxin signal is transduced in order to activate 
ROPs. According to a recent hypothesis, the AUXIN-BINDING PROTEIN 1 (ABP1) 
represents the link. ABP1 is widely considered to serve as an auxin receptor, as it has been 
shown to reversibly and specifically bind auxin with high affinity and to trigger auxin-
associated physiological responses (for a recent review, see [66]). Although the first identified 
T-DNA insertion mutant of ABP1 was embryo lethal, several techniques have been applied to 
increase or decrease the level of this protein in plants. These approaches have resulted in 
appropriately altered auxin responses, supporting the role of ABP1 as an auxin receptor [66].  
This partly apoplastic auxin-binding protein (it has a larger pool in the endoplasmic 
reticulum) was suggested to transduce the auxin signal towards the cytoplasm, through an 
interaction with members of the TRANSMEMBRANE KINASE (TMK) receptor kinase 
family [28]. Arabidopsis plants producing the mutant ABP1 version that cannot bind auxin 
and those expressing tmk1,2,3,4 quadruple mutants have similar phenotypes: abnormal PIN-
FORMED1 localization, embryo lethality, single cotyledons, and fused leaf-cups [28]. 
Moreover, auxin promotes a complex formation between ABP1 and TMK1, in an auxin 
concentration-dependent way [28]. Therefore, the hypothesis was established that the secreted 
ABP1 binds auxin and subsequently associates with the extracellular domain of TMK1, which 
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transduces a signal towards the cytoplasm [28]. However, two different abp1 null mutants 
were described in a recent report, and these mutants had neither developmental abnormalities 
nor auxin resistance [67]. Therefore, the role of the ABP1 as an auxin receptor has to be re-
investigated, despite the extensive, previously accumulated experimental evidence supporting 
this function. For example, the various methods used to alter the expression or function of 
ABP1 could be re-evaluated in the null mutant background, in order to see whether they cause 
phenotypic changes in the absence of ABP1. 
Nevertheless, auxin-mediated ROP activation was largely abolished in the transmembrane 
kinase mutants, suggesting that these receptors are part of the signal transduction chain, even 
if ABP1 is not [28]. It is reasonable to suppose that RopGEFs can serve as direct TMK 
targets, linking this cell surface receptor to ROP GTPase signalling. SPIKE1, the only plant 
protein belonging to the DHR2-Dock family of RhoGEFs, was implicated in auxin-regulated 
pavement cell morphogenesis [8], as well as in auxin perception, PIN-FORMED2 
internalization, and ROP6 activation in roots [29]. Therefore, SPIKE1 could be a primary 
candidate for transferring the TMK signal towards ROP GTPases. The direct interaction of 
TMKs with SPIKE1 would require the presence of both proteins at the plasma membrane. 
Although this possibility cannot be ruled out completely, most of the SPIKE1 protein 
accumulates at specific endoplasmic reticulum domains, as well as on punctate internal 
organelle surfaces, where it co-localizes with ROPs [68]. Therefore, TMKs might increase 
SPIKE1 and ROP activities indirectly through the activation of an intracellular signalling 
cascade. How the endoplasmic reticulum-related activation of ROPs can coordinate cell 
growth at the cell cortex is currently unknown [68]. It was hypothesized that SPIKE1 might 
regulate the early secretory pathway and the partitioning of ROP-GTP into specialized 
membrane domains [68].  
2.5 The PANGLOSS1 maize receptor-like kinase 
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That the Cdc42 Rho-type small GTPase regulates asymmetric cell division in yeast and 
animal cells has long been known, but a similar role for plant ROPs had not been elucidated 
until recently. Guard cell development is used as a plant model to study the regulation of cell 
division asymmetry. Extrinsic clues orient the cell division polarities occurring in an invariant 
sequence, which generate the stomatal complexes of maize leaves. These complexes consist 
of a pair of guard cells, flanked by a pair of subsidiary cells regulating the stomatal aperture. 
During the process, the guard mother cell signals to its neighbours, the subsidiary mother 
cells, to divide asymmetrically in an orientation that positions the smaller daughter cell (the 
subsidiary cell) adjacent to the guard mother cell. The subsidiary mother cell division is 
preceded by the asymmetric localization of cortical F-actin at the contact site between the 
guard and subsidiary mother cells respectively, followed by the migration of the subsidiary 
mother cell nucleus towards that site. A leucine-rich repeat receptor-like kinase, 
PANGLOSS1  was identified as a potential subsidiary mother cell receptor for guard mother 
cell-derived polarizing cues [69]. The ROPs (maize ROP2 and 9) function together with 
PANGLOSS1 in this process [31]. ROPs, such as PANGLOSS1, accumulate asymmetrically 
in subsidiary mother cells and promote the localized accumulation of F-actin at the guard 
mother cell-contact site. The asymmetric ROP localization depends on PANGLOSS1, 
indicating that ROPs function downstream of this receptor. Although a direct physical 
interaction between ROPs and PANGLOSS1 could not be demonstrated, they are both present 
in the same protein complex, co-immunoprecipitated from maize cells. It is reasonable to 
speculate that RopGEFs mediate the interaction between PANGLOSS1 and ROPs, similarly 
to other ROP-containing receptor-like kinase complexes in Arabidopsis (see Sections 2.2
2.4).  
Sequence analysis and in vitro experiments indicate that PANGLOSS1 is inactive as a 
kinase [69]. Therefore, PANGLOSS1 may serve as a scaffolding protein, correctly 
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positioning polarity-related protein complexes containing the ROPs, among other 
components. While the ectopic overexpression of ROP2 causes aberrantly oriented subsidiary 
mother cell divisions, the partial loss of ROP2/ROP9 function causes a weak subsidiary 
mother cell division polarity phenotype, strongly enhanced by the pangloss1 mutation. 
Consequently, ROPs may also have PANGLOSS1-independent functions in subsidiary 
mother cell polarization. 
2.6 The LYSIN MOTIF DOMAIN RECEPTOR-LIKE KINASEs 
OsRAC1, a rice ROP GTPase, plays an important role in rice innate immunity [70]. The 
constitutively active form of OsRAC1 is contained within a large protein complex, implicated 
in the recognition of pathogen-associated molecular patterns (for reviews, see [71, 72]). This 
 complex [71] contains two cell surface pattern recognition receptors: the lysin 
motif-domain CHITIN OLIGOSACCHARIDE ELICITOR-BINDING PROTEIN and the 
lysin motif-domain CHITIN ELICITOR RECEPTOR KINASE 1 [32]. CHITIN 
OLIGOSACCHARIDE ELICITOR-BINDING PROTEIN is a receptor-like protein with no 
intracellular domain, while CHITIN ELICITOR RECEPTOR KINASE 1 is a functional 
kinase that does not bind chitin [32]. These two receptor proteins form a complex that is 
capable of transducing the chitin signal towards downstream components, including OsRAC1. 
In response to chitin, the activity of OsRAC1 is quickly induced. The complex also contains 
OsRacGEF1, which interacts with the OsCHITIN ELICITOR RECEPTOR KINASE 1. The 
kinase phosphorylates the C-terminal part of OsRacGEF1 at the S549 residue, which is 
required for efficient OsRAC1 activation. The GTP-bound OsRAC1 promotes ROS 
production, lignin biosynthesis and protein kinase signalling through its downstream targets: 
the NADPH oxidase, CINNAMOYL-COA REDUCTASE 1, and MAPK6, respectively.  
In addition to pathogen defence, lysine motif-containing receptor kinases are involved in 
symbiotic plant-pathogen interactions, in which ROP GTPases also play a role [73]. The 
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expression of the Lotus japonicus ljrop6 gene is elevated after the inoculation of roots with 
Mesorhizobium loti, the symbiotic bacterial partner of Lotus japonicus [73]. Moreover, the 
loss of ROP6 function due to RNA-interference inhibits the growth of the infection thread, 
resulting in fewer root nodules [73]. The kinase domain of the lysine motif domain-containing 
NOD FACTOR RECEPTOR 5 receptor kinase binds the LjROP6 GTPase [33]. NOD 
FACTOR RECEPTOR 5 is likely to be a non-functional enzyme, as it has no activation loop 
in the kinase domain, but interacts with a functional receptor kinase: NOD FACTOR 
RECEPTOR 1. The NOD FACTOR RECEPTOR s might be involved in LjROP6-mediated 
signalling through the activation of a yet unknown RopGEF, which might be phosphorylated 
by NOD FACTOR RECEPTOR 1.  
2.7 Further RopGEF-ROP signalling modules potentially linked to receptor kinases 
There are several further reports on RopGEF-ROP signalling interactions with as-yet-
unknown upstream receptors (Table 2). Local activation of the Arabidopsis ROP11 GTPase is 
dependent on RopGEF4 during the formation of secondary cell walls in the development of 
xylem cells [74]. It was hypothesized that the regulation of secondary cell wall patterning 
might rely on receptor-like kinases acting upstream of the RopGEF-ROP module [30]. The 
Arabidopsis RopGEF7 interacting with ROP3 is required for polar auxin transport and 
meristem maintenance in the root [25]. Considering their overlapping expression patterns and 
direct interaction in a yeast two-hybrid assay, the FERONIA receptor kinase has been 
proposed as a potential upstream regulator of RopGEF7 [18, 24]. The ROP nucleotide 
exchange factor SPIKE1 was also implicated in the establishment of polar auxin transport in 
the root, together with the ROP6 GTPase [29]. The auxin signal-perceiving 
TRANSMEMBRANE KINASEs, ROP GTPases, and the polar auxin transport were 
demonstrated as acting together in the patterning of the leaf epidermis ([28]; see Section 2.4), 
and the existence of a similar pathway can be predicted to function in auxin-transporting root 
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cells. The co-expression pattern of receptor kinase and RopGEF genes (e.g., [35]), along with 
pairwise protein-protein interaction assays, can help us to elucidate which receptor-RopGEF 
pair plays a role in a given process. However, monitoring receptor signalling in RopGEF 
mutant backgrounds can only give a strong indication that there is a functional link between 
the proteins. Considering the redundant function of several RopGEFs in a given process (see 
examples in Table 2), multiple RopGEFs would have to be mutated in many cases, in order to 
see a clear difference in a signalling response. 
2.8 Non-receptor protein kinases upstream of ROP GTPase signalling 
The above-described examples indicate that the receptor-like kinase-RopGEF-ROP 
signalling module is widely utilized during plant development and defence. However, the 
modulation of ROP-signalling can also be achieved through the phosphorylation of either the 
ROPs themselves or their negative regulators, including the ROP GTPASE 
ACCELERATING PROTEINs (RopGAPs) and the ROP GUANINE NUCLEOTIDE 
DISSOCIATION INHIBITORs (RopGDIs) (Fig. 3). Although receptor kinases might also 
phosphorylate these targets, the available data implicate non-receptor kinases such as 
MITOGEN-ACTIVATED PROTEIN KINASEs (MAPKs) or CALCIUM-DEPENDENT 
PROTEIN KINASEs (CPKs) in these processes, as discussed below (see also Fig. 3). 
There are indications that ROPs, similarly to animal Rho-type GTPases, may also be 
regulated through direct phosphorylation. In animal cells, RhoA, Rac1 and Cdc42 all undergo 
phosphorylation by specific protein kinases at various residues [75]. The phosphorylation of 
these proteins can increase stability, alter cellular localization, inhibit nucleotide binding or 
change the interaction with upstream regulators or downstream effectors [75]. One of the 
phosphorylation sites (S71YP in human Rac1) is well conserved in all Rho proteins, including 
plant ROPs (S74YR in Type I ROPs; [76, 77]). The residues in the close vicinity of this 
putative phosphorylation motif are required for the interaction of ROPs with RopGEFs [77]. 
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The phosphomimetic (S74E) mutation of the evolutionarily conserved serine residue in 
Medicago ROP6, as well as in Arabidopsis ROP4, altered the binding interface of the two 
proteins and prevented the ROP-RopGEF interaction in vitro as well as in vivo [76]. 
Consequently, the phosphorylation of S74 may serve as a negative regulatory event, 
preventing ROP activation by RopGEFs. The biological significance of this potential 
regulatory step is as yet unknown and the kinase that may carry out the phosphorylation is not 
yet identified. In certain cases, the direct binding of ROPs to the kinase domain of receptor 
kinases could be observed [40], but no direct phosphorylation of ROPs by these kinases has 
been reported so far. The human Rac1 protein is phosphorylated on the corresponding residue 
by the AKT kinase and this phosphorylation is inhibitory [78]. However, this region is not 
involved in the binding of Rac1 to its regulatory GEFs [77]. The AKT-mediated inhibition of 
Rac1 is exerted through the decreased GTP-binding ability of the phosphorylated G-protein 
[78]. AKT belongs to the large AGC kinase family that is also present in plants [79]. AGC 
kinases are implicated in many plant development and defence pathways also involving ROP 
GTPases, such as root hair and pollen tube growth, auxin transport, etc. [79]. Considering 
their functional relationship and the conservation of the S71 residue in plant ROPs, as well as 
in the human RAC1 protein, AGC-type kinases are candidate ROP kinases in plants (Fig. 3). 
This potential regulatory link still needs experimental validation. The in vitro phosphorylation 
of wild-type Type I plant ROPs by AGC kinases, but not the S74A mutant, could be an 
indication of a potential in planta signalling interaction. The effect of pollen-expressed AGC 
kinases on ROP activation could be tested in a pollen tube growth assay. ROP overexpression 
in pollen tubes results in the widening of the pollen tube tip, due to the ectopic ROP activation 
by pollen-expressed RopGEFs. Co-expression of AGC kinase with the ROP GTPase should 
prevent this activation as well as the tip-widening phenotype, in a similar manner to the S74E 
phosphomimetic mutation (e.g., [76]). 
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Two of the 11 Arabidopsis ROPs (ROP4 and ROP7) contain MITOGEN-ACTIVATED 
PROTEIN KINASE (MAPK) docking motifs [80], suggesting their interaction with MAPKs. 
Indeed, ROPs and MAPKs might be present in the same protein complex [81], but as ROPs 
lack the MAPK phosphorylation consensus motif, they are unlikely to serve as direct MAPK 
targets [80]. However, all Arabidopsis RopGEFs possess both the docking and the 
phosphorylation motifs, and therefore were hypothesized to be phosphorylated by MAPKs 
[80]. The potential MAPK phosphorylation sites on the C-terminal regulatory regions of 
Arabidopsis and rice RopGEFs are shown in Fig. 2. While a few of these sites are present on 
all or most of RopGEFs, indicating a general regulatory function, others are conserved only in 
the homologous Arabidopsis and rice proteins, and there are yet others that seem to be unique 
to certain members, suggesting a regulatory role in specific processes. One of the 
evolutionarily conserved sites, the S510 of AtRopGEF12, has been hypothesized as being 
phosphorylated by the AtPRK2, but so far experimental evidence has not been provided (see 
Section 2.2 and Fig. 2). Therefore, we cannot exclude the idea that this MAPK consensus 
sequence is indeed targeted by a MAPK. It is also possible that this GEF-activating 
phosphorylation can be exerted by both types of kinases and therefore may serve as an 
integrator of various signalling pathways. The theory that MAPKs can modulate ROP GTPase 
signalling through RopGEF phosphorylation needs experimental validation in the near future. 
In vitro kinase assays could strengthen the hypothesis that RopGEFs are indeed potential 
MAPK substrates. In particular, these tests should consider those MAPKs known to be 
plasma membrane-localized [80], since in many cases, RopGEF signalling is initiated by 
plasma membrane-bound receptor kinases (see Section 2.1 2-7).  
In addition to positive regulators like RopGEFs, negative factors such as ROP GTPASE 
ACCELERATING PROTEINs and ROP GUANINE NUCLEOTIDE DISSOCIATION 
INHIBITORs also control ROPs (Fig. 1). Only one of the RopGAPs bears MAPK 
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phosphorylation signatures [80]. This RopGAP (gene code At5g61530), which has a strong 
pollen-specific expression, is the sole member of an Arabidopsis RopGAP family with no 
other domains but the catalytic domain [3]. After the in vitro verification of phosphorylation, 
the expression of phosphomimetic or non-phosphorylatable mutant versions of the protein in 
pollen tubes could give an indication of the existence and biological significance of this 
potential regulatory step. This could be completed using biochemical tests characterizing the 
enzymatic activity of the phosphorylated (or phosphomimetic mutant) protein. 
One Arabidopsis ROP GTPASE ACCELERATING PROTEIN, designated as ROP 
ENHANCER 1  (REN1), prevents the lateral propagation of apical ROP1 activity [82]. The 
loss of REN1 function in the ren1-1 mutant resulted in severely depolarized pollen tubes, 
similar to the results of the constitutively active ROP1 mutant overexpression. However, 
pollen tube growth in a weak ren1 allele (ren1-3) was normal at medium Ca2+ levels (2 5 
mM), but became depolarized under low extracellular Ca2+ conditions ( 0.5 mM), suggesting 
that REN1 and Ca2+ may act together [82]. ROP1 activation promotes the tip-directed 
targeting of REN1 to the apical region and directly regulates the formation of tip-localized 
Ca2+ gradients. Therefore, ROP1, REN1 and Ca2+ were hypothesized to work together in a 
REN1-based negative feedback loop [82, 83].  
CALCIUM-DEPENDENT PROTEIN KINASEs (CPKs) expressed in pollen have been 
proposed to mediate the Ca2+ response to REN1 activity [83]. Pollen-expressed CPKs 
(especially CPK17 and 34) are required for pollen tube growth and guidance in Arabidopsis 
[84]. Their potential substrates, however, are as yet unknown. In vitro assays could be used to 
determine the potential CPK phosphorylation sites of REN1. Mutating the phosphorylated 
residue to alanine or a charged (phosphomimetic) amino acid (e.g., glutamic or aspartic acid) 
could be used to test the potential role of REN1 phosphorylation on its cellular localization 
and tip growth-related function.  
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The phosphorylation of Arabidopsis ROP GUANINE NUCLEOTIDE DISSOCIATION 
INHIBITOR1 by CPK3 affects ROP function negatively [85]. AtROP GUANINE 
NUCLEOTIDE DISSOCIATION INHIBITOR1 plays a role in leaf epidermal pavement cell 
formation, by interacting with AtROP2 and AtROP6 [85]. CPK3 phosphorylates three 
conserved serine residues in AtROP GUANINE NUCLEOTIDE DISSOCIATION 
INHIBITOR1 [85]. Overexpression of the triple-phosphomimetic but not the non-
phosphorylatable mutant protein could rescue a gdi1-1 mutant Arabidopsis seedling with an 
abnormal growth phenotype, indicating that phosphorylation is required for the proper GDI 
function.  
Tobacco NtROP GUANINE NUCLEOTIDE DISSOCIATION INHIBITOR2 plays a role 
in the recycling of the NtRAC5 ROP GTPase, from the flanks of the tip to the apex of the 
pollen tubes, and in this way contributes to the polarization of ROP signalling. This protein 
was identified among the phosphoproteins present in in vitro activated tobacco pollen [86], 
suggesting that it might be regulated by a protein kinase. Considering the fine-tuned 
interrelation between calcium- and ROP-mediated signalling in pollen tubes [83, 87, 88], one 
may envisage that pollen tube-expressed CPKs might be involved in GDI regulation. While 
the CPK-mediated phosphorylation regulates positively, its interaction with 
PHOSPHATIDYLINOSITOL 4-PHOSPHATE 5-KINASEs (PIP5Ks) affects the function of 
ROP GUANINE NUCLEOTIDE DISSOCIATION INHIBITORs s negatively during tip 
growth (see Section 3.4 for details). 
3. Protein kinases regulated by ROP GTPase signalling 
Given the involvement of Rho-type GTPases in a wide variety of important cellular 
processes, it is not surprising that they have a large number of cellular targets as well as 
effector proteins. Plant ROPs evolved independently of animal Rho-type GTPases, and 
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formed a structurally unique group within the eukaryotic Rho family [2 4]. They have several 
downstream targets that are plant-specific (see examples in Table 1) and play roles in plant-
specific processes, such as cell wall synthesis, auxin signalling and plant-pathogen 
interactions [2 4]. While there are over 100 metazoan Rho GTPase effector proteins, which 
include approximately 30 kinases many of them carrying a Cdc42-Rac interactive binding 
(CRIB) motif [1, 11] our present knowledge on ROP-interacting protein kinases in plants is 
rather scarce. Based on the available genome sequence data, we can state that plants do not 
possess protein kinases with the CRIB motif. However, plants do possess a family of CRIB 
motif-containing small adaptor proteins, named accordingly as ROP-INTERACTIVE CRIB 
MOTIF-CONTAINING PROTEINs  [89]. It can be supposed that these ROP-
INTERACTIVE CRIB MOTIF-CONTAINING PROTEINs (RICs) link ROPs to downstream 
kinases in plants. Despite the accumulating evidence that ROPs use RICs as their direct 
effectors in a variety of pathways (e.g., [4]), the molecular events downstream of RICs are 
still shrouded in obscurity. The only report of a potential link between RICs and downstream 
kinases comes from lilies, in which staurosporin a serine/threonine kinase inhibitor blocks 
the inhibitory effect of the LLP12-2 RIC on pollen tube growth [90]. In addition to RICs, 
there are other types of ROP effector scaffold proteins (for reviews, see [2 4]); however, as 
yet there is no indication that they are linked to kinase signalling. 
Plants do not have Ras GTPases, which regulate MAPK-cascades in animal cells. 
Therefore, ROPs are the only signalling-type small GTPase proteins in plants, and it is 
reasonable to suggest that they signal towards downstream kinases. The identification of 
kinases that directly interact with ROPs strongly supports this possibility [43 46]. The present 
view on the kinases potentially implicated in signalling downstream of ROPs is summarized 
below (see also Fig. 4).  
3.1 The ROP-activated RECEPTOR-LIKE CYTOPLASMIC KINASEs 
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Several ROP-interacting kinases have been identified in yeast two-hybrid protein-protein 
interaction screens, using constitutively active ROP/RAC GTPases as baits. These kinases 
include RECEPTOR-LIKE CYTOPLASMIC KINASEs (RLCKs) from Medicago truncatula 
[44] and Arabidopsis [43, 44, 46], as well as barley [45]. RLCKs, based on the sequence of 
their kinase domain, belong to the large receptor-like kinase family. Still, the majority of them 
do not possess either extracellular receptors or transmembrane domains [91]. RLCKs are 
classified into several distinct families, including 147 proteins in Arabidopsis and 379 in rice. 
Despite their large number, there is only very limited information available on the biological 
function of these kinases. Several of them have been implicated in associating with and 
transducing signals from receptor-like kinases during a variety of cellular processes, including 
hormonal and developmental regulation, as well as defence responses [91].  
The RLCK VI family from Arabidopsis consists of 14 members, forming two subfamilies 
with seven members each [92]. The members of the RLCK VI_A subfamily [43, 44, 46], as 
well as their homologues from Medicago truncatula [44] and barley [45], bind to GTP-bound 
active but not to the GDP-bound inactive ROP GTPases in vitro, in yeast, and in planta. 
This GTPase conformation-specific interaction is characteristic of effector proteins. The in 
vitro protein phosphorylation activity of these kinases is also dependent on the presence of 
GTP-bound or constitutively active ROP/Rac GTPases [44 46], and therefore they can be 
considered to be ROP-effector kinases in a biochemical sense. However, the biological 
function of the RLCK VI_A family kinases is largely unknown. The barley ROP BINDING 
KINASE 1 (HvRBK1) plays a role during the infection process of powdery mildew (see 
below for details), a process known to be dependent on barley ROP/Rac GTPases [45]. The 
infection of barley leaf cells by powdery mildew is enhanced by the transient overexpression 
of constitutively active HvRACB, HvRAC3 or HvRAC1 ROP GTPases [93]. The transient 
knockdown of RBK1 in barley leaves similarly supported the penetration of the parasitic 
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fungus, suggesting some function of the ROP-activated kinase in basal disease resistance [45]. 
The transient silencing of HvRBK1 weakened the stability of cortical microtubules, which is 
consistent with HvRBK1 having a function in building penetration barriers against the fungus 
[45]. Green fluorescent protein-tagged HvRBK1 appeared in the cytoplasm and nucleoplasm, 
but constitutively active HvRACB or HvRAC1 was able to recruit the tagged HvRBK1 
protein to the cell periphery [45]. Therefore, barley HvRACs and HvRBK1 may function 
together in cortical microtubule dynamics, during the interaction with invading fungal 
pathogens. The silencing of the closest Arabidopsis homologue of HvRBK1, AtRLCK 
VI_A3, supported fungal susceptibility in a similar way to its barley counterpart [46]. 
Moreover, Arabidopsis RLCK VI_A4 (also called AtRBK1) and RLCK VI_A6 (AtRBK2) 
proteins are implicated in pathogen defence, based on their augmented gene expression in 
response to fungal infection [43].  
Several of the Arabidopsis RLCK VI_A kinases have a strong pollen-specific expression 
[92], indicating their role in the ROP-mediated regulation of pollen tube growth. Furthermore, 
they are upregulated during the differentiation of tracheary elements [43], as well as being 
strongly dependent on ROP-regulated microtubule organization (see, e.g., [74]). Recently, the 
expression of the RLCK VI_A7 kinase gene (At5g18910) has been shown to be positively 
associated with the common gene expression profile of root hairs and pollen tubes, where 
ROP GTPases play a central role in regulating tip growth [94]. These observations indicate 
interrelations between ROP- and RLCK VI_A kinase-mediated pathways, but the dependence 
of the in planta function of RLCK VI_A kinases on their interaction with active ROP 
GTPases still awaits experimental confirmation. The production of transgenic plants, 
overexpressing constitutively active ROP GTPases in a RLCK VI_A loss-of-function 
background (e.g., due to the mutation or silencing of RLCK VI_A genes), could be used to 
obtain this confirmation. The overexpression of constitutively active ROP GTPases results in 
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a wide range of phenotypes, including abnormal growth, morphogenesis and hormonal 
responses (e.g., [95]). Mild or non-developing phenotypes, in the absence of RLCK VI_A 
function, would indicate the role of the given kinase downstream of the given ROP GTPase in 
that process. The overlapping, redundant functions of the various ROPs, as well as the various 
RLCK VI_A kinases, make this approach challenging. Co-expression analyses, along with the 
comparison of mutant phenotypes, could help to limit the number of potential ROP-kinase 
pairs to be investigated. 
Another Arabidopsis RLCK, belonging to the VIII subfamily and designated NOVEL 
CYSTEINE-RICH KINASE  is highly expressed during the differentiation of the tracheary 
elements. It also interacts with ROP GTPases [43]. However, the ROP-dependent activity of 
NOVEL CYSTEINE-RICH KINASE has not been experimentally verified. Nevertheless, the 
interaction raises the possibility that further RLCKs outside of the RLCK VI family may also 
serve as ROP effectors. The ROP-binding RLCK proteins do not have any known GTPase-
binding motifs, and the structural requirements for ROP GTPase-mediated kinase activation 
in plants are currently unknown. The determination of the amino acid motifs that play a role 
in the ROP-binding of RLCK VI_A kinases could also help in the screening of the 
approximately 150 Arabidopsis RLCK sequences for further potential ROP-activated kinases. 
3.2 The SNF1-RELATED PROTEIN KINASE TYPE 2 kinase is indirectly regulated by 
ROPs 
The active ROP11 GTPase can interact with the ABSCISIC ACID-INSENSITIVE 1 and 
ABSCISIC ACID-INSENSITIVE 2 PP2C-type phosphatases, negative regulators of abscisic 
acid signalling [21]. In the absence of abscisic acid, ABSCISIC ACID-INSENSITIVE 1/2 
keeps SNF1-RELATED PROTEIN KINASE TYPE 2 protein kinases in an inactive 
dephosphorylated state, and the phosphorylation of downstream kinase targets is blocked. 
These targets include abscisic acid-regulated transcription factors, ion channels and ROS-
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producing enzymes (for a recent review, see [96]). The SNF1-RELATED PROTEIN 
KINASE TYPE 2 -phosphatase activity of ABSCISIC ACID-INSENSITIVE 2 is enhanced in 
the presence of the GTP-bound AtROP11 protein [21]. This interaction prevents the binding 
of the ABSCISIC ACID-INSENSITIVE 2 protein to its inhibitors: the abscisic acid receptor 
PYRABACTIN/PYRABACTIN-LIKE PROTEINs [55]. Therefore, the active AtROP11 
GTPase negatively regulates the signalling downstream of the abscisic acid receptor. 
Although the SNF1-RELATED PROTEIN KINASE TYPE 2 kinase is not a ROP effector, 
the AtROP11 GTPase indirectly regulates its activity (Fig. 4). 
The role of AtROP10 (and AtROP6) in the negative regulation of abscisic acid signalling 
has already been reported in Arabidopsis [97]; however, AtROP10 does not directly interact 
with ABSCISIC ACID-INSENSITIVE 2, and probably regulates other components of the 
abscisic acid response [21]. 
3.3 ROP GTPases and the MITOGEN-ACTIVATED PROTEIN KINASE cascades  
Small Ras/Rho-type GTP-binding proteins frequently mediate the receptor-dependent 
activation of mitogen-activated protein kinase cascades in animal cells [98]. Knowledge about 
the role of ROPs the only Ras/Rho-type small plant GTPases in the regulation of MAPK 
cascades is rather scarce [80]. Although MAPKs are unlikely to serve as direct ROP GTPase 
effectors, ROPs and MAPKs can be present in the same signalling protein complex. For 
example, although OsMAPK6 and OsRAC1 (a rice ROP GTPase) do not directly interact in 
the yeast two-hybrid system, the constitutively active OsRAC1 could be specifically co-
immunoprecipitated with OsMAPK6 from sphingolipid-elicited rice cells [81]. In addition, 
OsMAPK3 is part of the same OsRAC1-containing protein complex that regulates the RAC 
IMMUNITY 1 transcription factor via phosphorylation [99]. Neither dominant negative, nor 
non-isoprenylated mutant forms of OsRAC1 could form complexes with OsMAPK6. 
Moreover, the overexpression of these inactive and/or mis-localized mutant OsRAC1 forms 
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prevents the sphingolipid elicitor-mediated activation of the kinase [81]. The RNAi-mediated 
silencing of OsRAC1 resulted in decreased OsMAPK6 protein (but not mRNA) levels and 
activity [81]. These observations indicate that the elicitor-triggered activation of OsMAPK6 
takes place in a protein complex localized at the plasma membrane by GTP-bound and 
isoprenylated OsRAC1. This protein complex is not formed in the absence of OsRAC1 and 
the free MAPK is probably less stable, which can explain the reduced OsMAPK6 levels in 
OsRAC1 RNAi plants. The active G-protein may have an important role in the localization of 
the OsMAPK3/6-related signalling module to the plasma membrane, and more specifically, to 
the defined detergent-resistant microdomain raft regions [80, 100]. Therefore, the OsRAC1 
protein positively and indirectly regulates the MAPK-dependent signalling, through the 
promotion of protein complex formation at defined plasma membrane regions. 
MAPK signalling cascades are implicated in many plant developmental and defence 
pathways, several of which are also regulated by ROP GTPases. Therefore, crosstalk between 
these signalling modules is very likely. As briefly discussed above (Section 2.8), MAPKs may 
serve as upstream regulators of ROP signalling, through the phosphorylation of RopGEFs or 
RopGAPs (see also Fig. 3). However, at present, our knowledge on the ways in which ROPs 
may regulate downstream MAPK-signalling is scarce (Fig. 4). The missing links may be the 
ROP-activated kinases (e.g., RLCK VI_A), like the P21-ACTIVATED KINASEs in animal 
and yeast cells, or the ROP-binding scaffold proteins with currently unknown downstream 
targets (for reviews, see [2 4]). ROPs may also activate MAPK cascades indirectly through 
NADPH oxidase-mediated H2O2 production, since several MAPKs are activated by H2O2 
[101]. For example, the FERONIA receptor-signalling pathway can be indirectly linked to 
MAPK cascades through the ROP-mediated activation of NADPH oxidase-dependent H2O2 
production (see Section 2.3 and Fig. 4). 
3.4 ROPs and lipid kinases 
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Phosphatidylinositol monophosphate kinases, which synthesize phosphatidylinositol 4,5-
bisphosphate (PIP2), are well known effectors of Rho-type GTPases [1]. In growing pollen 
tubes, PIP2 preferentially accumulates in the subapical area of the plasma membrane, due to 
the subapical distribution and activity of the PHOSPHATIDYLINOSITOL 4-PHOSPHATE 
5-KINASE (PIP5K) that generates PIP2 [102]. The inhibition of PIP2 degradation results in 
the loss of pollen tube polarity and tip swelling [103], indicating its important role in polarity 
establishment. The phosphatidylinositol 4-phosphate kinase activity was physically associated 
with a GTP-bound ROP GTPase (NtRAC5) purified from tobacco pollen tubes, supporting 
the view that ROPs might regulate PIP5K activity [102]. Through the stimulation of PIP2 
synthesis, ROPs can control the targeted secretion by regulating actin organization and 
exocytotic membrane traffic during polar growth [102]. PIP5Ks might not only act 
downstream but also upstream of ROPs [104, 105]. In tobacco pollen tubes, the 
overexpression of PIP5K11 resulted in a similar tip swelling phenotype to that of NtRAC5. 
This could be counteracted by the co-expression of RhoGDI2 protein, a negative regulator of 
NtRAC5. It is hypothesized that the PIP5K11 inactivates the GDI protein, resulting in the 
local accumulation of GTP-bound NtRAC5 that regulates polarity [105]. Engineering of the 
PIP5K11, RhoGDI2 protein and NtRAC5 mutants, which are all functional but cannot interact 
with each other, could help to unravel the significance of this interaction network in pollen 
tube polarity. 
4. Conclusions and perspectives 
Accumulating evidence supports the view that Rho-type GTPases are central to a variety 
of receptor-mediated signalling pathways in plants, just as in other eukaryotes. However, due 
to the early separation of plants, fungi and metazoa during evolution, there are specific Rho-
type GTPases (ROPs), as well as specific receptor kinase families, that have evolved in plants 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
[3, 6]. It has become evident that numerous plant receptor kinases, belonging to different 
families ([9]; also, see Sections 2.1 2.7 for details), use RopGEFs that transduce signals 
towards ROP GTPases, which can activate multiple effectors and induce a variety of cellular 
responses. The possible combination of the high number of receptor kinases (above 600 in 
Arabidopsis), with the numerous RopGEFs, ROPs, and ROP effectors, provide the cell with 
ample possibilities to process spatially as well as temporally a variety of signals evoking 
specific but intricate cellular responses.  
In a generalized model, a receptor-like kinase phosphorylates a RopGEF, releasing its 
auto-inhibition resulting in the accumulation of GTP-bound active ROPs at the plasma 
membrane, due to enhanced ROP nucleotide exchange. The potential phosphorylation sites on 
the C-terminal regions of Arabidopsis and rice GEFs are compared in Fig. 2. Some of these 
seem to be evolutionarily conserved between Arabidopsis and rice, such as the experimentally 
investigated phosphorylation sites of AtRopGEF12, AtRopGEF1 and OsRacGEF1 proteins. 
The S480 residue of AtRopGEF1 is conserved in OsRacGEF1, and the S549 residue of 
OsRacGEF1 is conserved in AtRopGEF1 (Fig. 2), but they are only phosphorylated in the 
Arabidopsis or the rice protein, respectively [15, 32]. One possible explanation for this is that, 
while the phosphorylation of the Arabidopsis protein by the AtPOLLEN RECEPTOR 
KINASE 2 was investigated in the context of pollen tube growth [15], the phosphorylation of 
OsRacGEF1 by the CERK1 kinase was studied in relation to pathogen defence [32]. This 
hypothesis could be confirmed by investigating the functions and phosphorylation patterns of 
AtRopGEF1 during pathogen defence and OsRacGEF1 during polar growth. It is likely that 
the activity of GEFs could be fine-tuned, due to the phosphorylation of a number of 
serine/threonine residues, either alone or in combination with various kinases. 
Experimental data on specific phosphorylation events are mostly indirect or lacking, and 
therefore, there is much room for further research on this subject. Moreover, kinase activity is 
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not always necessary for receptor-like kinase-mediated downstream signalling towards ROPs, 
such as in the case of FERONIA-mediated pollen tube rupture in Arabidopsis [59] or 
PANGLOSS1-regulated stomatal patterning in maize leaves [31]. These kinases may serve as 
scaffolds for the assembly of large complexes, potentially including other kinases. The 
importance of a spatially regulated receptor complex formation is unquestionable in ROP-
mediated processes. ROPs preferentially accumulate in specific detergent-resistant membrane 
microdomains or lipid rafts (e.g., [100]), which serve as organizing centres for the assembly 
of signalling complexes in eukaryotic cells. In these regions, ROPs may promote the 
recruitment and/or assembly of receptor complex components, as well as downstream 
signalling elements.  
The ROP regulators, as well as the ROPs themselves have many potential phosphorylation 
sites that can be targets of cytoplasmic as well as receptor kinases (Figs. 3 and 4). The 
phosphorylation of ROPs and their regulators allows the cell to fine-tune not only the ROP-
centred signal transduction, but also the cytoskeletal dynamics. The potential of MITOGEN-
ACTIVATED PROTEIN KINASEs (MAPKs) to modulate ROP-mediated signal transduction 
is supported by the presence of MAPK docking and phosphorylation motifs on most RopGEF 
and on certain ROP GTPASE ACCELERATOR PROTEINs ([80], Fig. 2). The 
phosphorylation of RopGEFs by MAPKs, in addition to the receptor-like kinases, can serve as 
efficient means for signal integration. Future research identifying RopGEF-kinases and 
phosphorylation-dependent RopGEF functions will likely reveal the complexity of the 
phosphorylation networks centred on RopGEFs. 
ROP G-proteins may also regulate downstream MAPK signalling cascades, either directly 
or indirectly, as described in relation to the OsRAC1-involving defence pathways of rice cells. 
ROPs may directly influence the subcellular location of MAPK-containing signalling 
complexes. This possibility is supported by the presence of MAPK-docking motifs on many 
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ROPs [80]. Our present knowledge about ROP-regulated gene expression changes is rather 
limited. MAPK cascades may play a central role in the mediation of ROP-dependent signals 
towards transcription factors. MAPKs can also serve as candidates interlinking ROP-
dependent and independent signalling pathways within plant cells. Therefore, the link 
between ROP- and MAPK-mediated processes definitely deserves more attention in the 
future. Investigating MAPK activities in ROP signalling mutants, and vice versa, 
investigating ROP signalling in mutants defective in MAPK functions can give more insights 
into these processes. 
PHOSPHATIDYLINOSITOL 4-PHOSPHATE 5-KINASEs (PIP5Ks) are another group 
of kinases that control ROP-mediated signalling both upstream and downstream of the small 
GTPases (Figs. 3 and 4). The details of these interactions could be revealed via targeted 
cellular, biochemical and genetic approaches (e.g., spatial and temporal resolution of protein-
protein interactions and localizations, kinase activity assays, mutant analyses, etc.), aiming to 
demonstrate the potential feedback regulation between phosphatidylinositol 4,5-bisphosphate 
synthesis and cell polarity establishment. 
The CALCIUM-DEPENDENT PROTEIN KINASEs (CPKs) form a large group of 
intracellular kinases that may also have an intricate relationship with ROP GTPases. CPKs 
may phosphorylate upstream and downstream components that modulate the signalling 
functions of ROPs (Fig. 3). The relationship between ROP- and CPK-dependent signalling 
pathways is an area of research that has hardly been explored. Testing the CPK-dependent 
phosphorylation of ROP signalling components, followed by functional assays, would be 
required to underline this relationship experimentally. 
The biological function of RECEPTOR-LIKE CYTOPLASMIC KINASEs (RLCKs), 
which are directly activated by ROP GTPases, also awaits exploration (Fig. 4). At present, we 
only know about a limited number of RLCKs (class VI group A) exhibiting some ROP-
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dependent activity [44 46]. The high number of RLCKs (approx. 200 in Arabidopsis) 
suggests further signalling interactions. Revealing the structural requirements for the ROP-
RLCK interaction could represent a big step forward, especially as this relies on as-yet-
unknown sequence motifs.  
The link between ROP GTPases (the only signalling-type small GTPases in plants) and 
upstream as well as downstream signal transduction pathways (Figs. 3 and 4) remained in 
obscurity for a long time. The association of ROPs with receptor and cytoplasmic kinases has 
been recently demonstrated in a number of cases, shedding more light on their signalling 
power (Figs. 3 and 4). However, only further extensive research can reveal the ROP GTPase-
dependent signalling in plants in its full complexity. The common story of plant GTPases and 
kinases has barely begun. 
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Figure legends 
Figure 1. Rho G-proteins serve as two-state m  in the 
GTP-bound conformation when they can bind and activate (indicated by an asterisk) various 
effector molecules, evoking specific cellular responses. Hydrolysis of the bound GTP results 
 state, when the effectors are released and/or inactive. GDP-to-GTP exchange 
Three main types of proteins regulate the switch 
spatially and temporally: the guanine nucleotide exchange factors (GEFs) enhancing the 
GDP-to-GTP exchange, switching the G- ; GTPase accelerating proteins (GAPs) 
promoting GTP-hydrolysis that switches the protein ; and the guanine nucleotide 
 
 
Figure 2. Potential phosphorylation sites of C-terminal RopGEF regions. The alignment of 
the C-terminal regions of two groups (A and B) of homologous Arabidopsis and rice 
RopGEFs is shown (a third group consisting of Os10g0550300, Os04g47170, Os07g0481100, 
AtRopGEF2, AtRopGEF3 and AtRopGEF4 has no similar C-terminal domains, and therefore 
is not included in the figure). The same letter colour is used to label amino acids that have 
similar biochemical characters. Black boxes indicate the potential MAPK phosphorylation 
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sites (determined in silico, using the Group-based Prediction System v3.0, 
http://gps.biocuckoo.org). Note that while a number of them are evolutionarily conserved, 
many others are protein-specific. The serine residues serving as potential receptor-like kinase 
target sites, based on experimental data (see Section 2.2 for details), are circled in red. Note 
that the S510 site of AtRopGEF12 is a potential MAPK as well as receptor-like kinase site 
and it is widely conserved. The other two potential receptor-like kinase target sites are 
conserved between the closely homologous AtRopGEF1 and OsRacGEF1 proteins, but 
appear in hardly any other RopGEFs.  
 
Figure 3. Schematic summary of the present knowledge on potential direct/indirect 
interactions of ROP GTPases with upstream regulatory kinases, as detailed in the text. Green 
shapes represent the kinases. Arrows indicate signalling interaction (activation or inhibition), 
which does not necessarily mean phosphorylation. The interactions illustrated together on the 
figure are temporally and spatially separated within the cell. Most of the proteins are members 
of various protein families, which gives them specificity while at the same time increasing the 
complexity of regulations. To preserve simplicity, not all possible interactions are shown 
among the presented molecules. 
AGC?  POTENTIAL AGC-TYPE KINASE; CPK  CALCIUM-DEPENDENT 
PROTEIN KINASE; GAP  GTPASE ACCELERATING PROTEIN; GDI  GUANINE 
NUCLEOTIDE DISSOCIATION INHIBITOR; GEF  GUANINE NUCLEOTIDE 
EXCHANGE FACTOR; MITOGEN ACTIVATED PROTEIN KINASE  MITOGEN 
ACTIVATED PROTEIN KINASE; PIP5K  PHOSPHATIDYLINOSITOL 4-PHOSPHATE 
5-KINASE; RLK  RECEPTOR-LIKE KINASE; ROP  RHO OF PLANTS  
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Figure 4. Schematic summary of the present knowledge on potential direct/indirect 
interactions of ROP GTPases with downstream signal-transducing kinases, as detailed in the 
text. Green shapes represent the kinases. Arrows indicate signalling interaction (activation or 
inhibition), which does not necessarily mean the regulation of phosphorylation activity. The 
interactions illustrated together on the figure are temporally and spatially separated within the 
cell. Most of the proteins are members of various protein families, which gives them 
specificity while at the same time increasing the complexity of regulations. To preserve 
simplicity, not all possible interactions are shown among the presented molecules. 
ABI1/2  ABSCISIC ACID-INSENSITIVE 1/2 PHOSPHATASE; NADPH OXIDASE  
NICOTINAMIDE ADENINE DINUCLEOTIDE PHOSPHATE-OXIDASE; PIP5K  
PHOSPHATIDYLINOSITOL 4-PHOSPHATE 5-KINASE; RLCK VI_A  RECEPTOR-
LIKE CYTOPLASMIC KINASE CLASS VI GROUP A; ROP  RHO OF PLANTS; SNRK2 
 SNF1-RELATED KINASE TYPE 2
Table(s)


Table 2. Reported and potential RLK-ROP GEF-ROP receptor signalling modules  
 
RLK  receptor-like kinase; GEF  guanine nucleotide exchange factor; ROP  RHO-OF-PLANTS;  
CLV1 CLAVATA1; PRK  POLLEN RECEPTOR KINASE; TMK  TRANSMEMBRANE KINASE; PAN1 
PANGLOSS1; CERK1 - CHITIN ELICITOR RECEPTOR KINASE1; NFR5 - NOD FACTOR RECEPTOR5; 
At  Arabidopsis thaliana; Zm   Zea mays; Os  Oryza sativa; Lj   Lotus japonicas 
? - indicates the missing or ambiguous information on the given protein of the potential module. 
Table(s)
Figure1
Figure2
Figure3
Figure4
